Abstract -The choice of the spreading sequence for asynchronous direct-sequence code-division multiple-access (DS-CDMA) systems plays a crucial role for the mitigation of multiple-access interference. Considering the rich dynamics of chaotic sequences, their use for spreading allows overcoming the limitations of the classical spreading sequences. However, to ensure low cross-correlation between the sequences, careful selection must be performed. This paper presents a novel exhaustive search algorithm, which allows finding sets of chaotic spreading sequences of required length with a particularly low mutual cross-correlation. The efficiency of the search is verified by simulations, which show a significant advantage compared to non-selected chaotic sequences. Moreover, the impact of sequence length on the efficiency of the selection is studied.
I. INTRODUCTION
Digital communications play an important role for the wellbeing of modern society. Spread spectrum modulation schemes are employed in mobile networks, short-range communications and positioning systems. Moreover, codedivision multiple access employs a spread spectrum approach for enabling access to the same frequency and time resources by multiple users. The choice of the spreading sequences in those systems is very important since it determines the level of multiple access interference (MAI) and, ultimately, the capacity of the communication system.
As has been noted in [1] , for generation of spreading sequences in direct-sequence code-division multiple-access (DS-CDMA) systems, chaos phenomena can be used. As is shown in [2] , chaotic spreading sequences have potential to increase the resistance to fading, as well as to increase the security level of wireless networks [3] . On other hand, chaotic synchronization [4] is suitable for providing time and frequency synchronization in the communication system.
Chaos allows generating a very large variety of sequences. However, not all sequences are well-suited for spread spectrum communication systems. Methods for the generation and selection of chaotic sequences for DS-CDMA have been extensively studied in scientific literature [5] - [6] . For example, in [5] , a genetic programming approach for the generation and selection of sequences is presented, whereas in [7] over-sampled chaotic map binary sequences are discussed.
Instead of generating sequences with good cross-correlation properties, one can generate a large set of sequences and then select the most suitable ones. For example, papers [8] , [9] and [10] present a possibility of generating short-length binary chaotic sequences with the same or better cross-correlation properties, compared to m-sequences, which are widely used in commercial DS-CDMA systems.
In this research, a computationally efficient exhaustive search and selection algorithm is used to obtain relatively short chaotic binary sequences with a length of 15-127 chips, which provide a much lower level of MAI compared to arbitrarily chosen ones. The proposed method allows building simple multi-user communication systems, especially suitable for low-traffic applications, such as sensor networks [3] .
II. DESCRIPTION OF THE RESEARCH

A. Asynchronous DS-CDMA System
A block diagram of the DS-CDMA communication system is shown in Fig. 1 . K transmitters and K correlation receivers are used, where the number of transmitter and receiver pairs K is equal to the number of selected chaotic spreading sequences, which is designated as N sel . Each transmitter and receiver pair uses a unique chaotic spreading sequence c(t) with chip duration T c . In the transmitter, randomly generated information bits b(t) are spread by the corresponding unique spreading sequence c(t) and then transferred to the communication channel. Each transmitter has its own transmission start moment τ, the duration of which, T b , is less than one bit and is equal to the integer number of chips. In the common communication channel with AWGN noise η(t), all transmitted signals with At time moment jT b = jLT c , the following signal values U n at the output of correlation receiver n and at the input of threshold detector n are obtained:
where A is a parameter that characterizes correlation receiver design, T b = LT c is the duration of one received spread bit or the duration of a chaotic spreading sequence, and j is the index of the received information bit. For converting the received signal into information signal b n (t)', the threshold detector compares obtained values U n to zero. The channel noise and MAI have a direct impact on the correctness of detector decisions.
B. Generation of Chaotic Spreading Sequences
For the spreading and despreading of the information bits in DS-CDMA systems, spreading sequences are employed. In this study, binary spreading sequences are used and they are obtained from chaotic sequences. Chaotic sequence x is generated by means of a one-dimensional (1D) map. In this study, the chaotic sequence generation algorithm employs the well-known logistic 1D map (3). The bifurcation parameters of the logistic 1D map have been adjusted to obtain chaotic behaviour of the generated sequences. A logistic map with λ = 4 and x  (0; 1) is defined as follows:
The initial condition x 0 is randomly chosen from the x domain. Since chaotic sequences coming from the logistic equation have an infinite alphabet, conversion into binary form is necessary. For converting chaotic sequence x into binary nonreturn-to-zero (NRZ) sequence c, the threshold rule (4) is used.
. The value of the threshold Θ = 0.5 is equal to the midpoint of the x domain to provide balance between "-1" and "1" elements within the generated chaotic sequences. As an example, Fig. 2 illustrates conversion of a 15-chip-long chaotic sequence x into a binary chaotic sequence c. As was demonstrated in [5] , division of the state space of a chaotic 1D map into parts and using different initial conditions leads to the generation of completely different binary sequences. This property allows generating a large set of binary chaotic sequences with the aim of selecting the required number of sequences with the desired cross-correlation properties.
C. Selection of Chaotic Spreading Sequences
To minimize MAI within the DS-CDMA system, binary sequences with a low mutual correlation must be used. Note that in the case of asynchronous DS-CDMA, the peak value of the cross-correlation function plays the key role. Taking into account these considerations, the following hypothesis is formed: minimization of the sum of periodic cross-correlation (PCC) maximum absolute values for selected sequences from all the possible pair combinations will lead to the minimization of MAI within the DS-CDMA communication system. A selection algorithm that performs an exhaustive search for the smallest sum of the absolute values of PCC peaks has been created. A version of this algorithm for selecting four sequences is reflected in Algorithm 1. It consists of multiple nested loops, which provide combination of all the possible PCC absolute peak values . Practical implementations of the algorithm in MATLAB and C++ are based on the use of a recursive function, which allows selecting an arbitrary number of sequences from the given set. Please note that the proposed algorithm can be used with any sets of sequences where minimization of cross-correlation peaks is required. The largest drawback of the proposed algorithm lies in the necessity to check a very large number of combinations. The number of possible combinations can be found by using the well-known combination formula (5) . 
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To reduce the number of possible combinations, we propose a second algorithm: only sequence pairs with cross-correlation peaks less than defined threshold value ξ are sent to the selection algorithm. Since the maximum absolute PCC values depend on the length of sequences, L, threshold ξ also changes according to it. Moreover, since the set size N all is fixed, the increasing of the number of selected sequences N sel , i.e. users of the DS-CDMA system, decreases the possibility of selecting sequences with a low cross-correlation level, and threshold value ξ must be increased. Considering these reasons, the estimation of the threshold value is made iterative and adaptive. , then the number of required iterations for threshold estimation is more than 20. Fig. 3 presents the dependence of estimated threshold levels on the number and length of the selected sequences. In most cases, the proposed method for selecting chaotic spreading sequences reduces the number of combinations more than 10 6 times, resulting in the possibility of sequence selection in reasonable time. The selection of most of the sequences was completed in less than 24 hours if the sequence search was performed by a C++ program running on a single computer core. The use of a supercomputer allowed performing selection of various sets of sequences simultaneously. Fig. 4 shows the dependence of the selection criteria on the number and length of the sequences. From this figure, it can be noticed that selection considerably reduces the sum of absolute maximum PCC values. The absence of some values is caused by the impossibility of selecting the desired number of sequences in reasonable time.
III. PERFORMANCE EVALUATION
A. Communication System Simulation
For the verification of the proposed hypotheses and algorithms MATLAB-and C++ based simulations of baseband asynchronous DS-CDMA systems, built in accordance with in Section II.A, have been created. Data transmission is carried out in AWGN channel and at the conditions of perfect chip synchronization. The parameters for the simulation of asynchronous DS-CDMA communication systems are presented in Table I . 
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B. Analysis of Simulation Results
This section presents the validation of chaotic sequence selection using the performance analysis of an asynchronous DS-CDMA system based on chaotic spreading sequences. Fig. 5 shows the average bit error ratio (BER) for an asynchronous DS-CDMA system based on chaotic spreading sequences with diverse numbers of users in case of E b /N 0 = 20 dB. It can be noted that a DS-CDMA system with longer chaotic spreading sequences enables satisfactory communication amongst a larger number of users. However, it must be remembered that the increasing of spreading sequence length reduces the data transmission rate.
Figs. 6-9 show the dependence of performance on the AWGN noise for an asynchronous DS-CDMA system based on chaotic spreading sequences of different length. According to Fig. 6 , in case of 15-chip-long sequences, only a 8-user communication system shows a satisfactory BER level below 10 -3
. Thus, to implement data transfer in an asynchronous DS-CDMA system based on chaotic spreading sequences with the number of users equal to or higher than 8, either the length of the chaotic spreading sequences should be larger than 15 chips, or the selection of the chaotic sequences should be performed from a set larger than 100 sequences. Fig. 5 . Asynchronous DS-CDMA: BER dependence on the number of users for 15 to 127 chip-long chaotic sequences generated using logistic, Gauss, cubic maps. Fig. 7 shows the results for 31-chip-long sequences. These sequences could be used in a DS-CDMA system with up to eight users. A further increase of the number of users up to 10 degrades system performance about tenfold in the case of SNR per bit at a level of 20 dB. Fig. 8 shows that, in the case of 63-chip sequences, a system with ten users can provide a satisfactory BER level if Eb/N0 exceeds 15 dB. Fig. 9 presents the BER performance results for a communication system employing 127-chip-long sequences. In this case, the number of users may be increased to up to 16-18, with a BER level of around 10 −3 at SNR per bit at a level of 20 dB. Moreover, by using those sequences, the BER level can be decreased to 10 -6 for up to eight simultaneous users. This mode is especially suitable for simple communication systems that do not employ forward error correction (FEC).
Finally, the selection effectiveness is depicted in Figs. 11-13, which present a comparison of BER in communication systems employing selected and 
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________________________________________________________________________________________________ 2017/13 80 arbitrarily chosen sequences for different numbers of users with E b /N 0 at a level of 25 dB. All the plots show significantly lower BER levels in systems employing selected chaotic spreading sequences for a number of users below 10 and this evidences the effectiveness of the proposed methods.
A small difference between the BER levels of selected and arbitrarily chosen sequences points to an insufficient number of sequences in the set. Therefore, to achieve a higher quality of data transmission for twelve or more users, the selection of chaotic spreading sequences should be performed within a larger set.
IV. DISCUSSION
In this study, we have presented a novel approach to the selection of chaotic spreading sequences for asynchronous DS-CDMA communication systems. It is based on the minimization of the periodic cross-correlation (PCC) peak sum among the selected sequences. Relatively short (15 to 127 chip-long) spreading sequences were analysed since in this case the selection provides the most noticeable gain. Due to computational complexity, the proposed algorithm can ensure the selection of up to 20 sequences out of 100 if the length of the sequence is 15 chips. The performed Monte-Carlo simulations of DS-CDMA systems by employing chaotic spreading sequences have confirmed the validity of the proposed approach. Using the selected chaotic spreading sequences has led to a more than tenfold reduction of the bit error ratio (BER). Moreover, it has been noticed that the highest gain can be obtained if the number of simultaneous users is small, i.e. less than 12. DS-CDMA communication systems employing 15 to 31 chip-long spreading sequences can efficiently accommodate up to eight users, whereas systems with longer sequences can serve up to 18 users with satisfactory BER < 10 -3 . These BERs are sufficient for employing forward error correction (FEC) in the communication system to improve the transmission quality.
Another advantage of the proposed method lies in the employment of a PCC threshold for the reduction of sequences to be analysed before the selection. In the case of sequences used in this study, the threshold-based selection algorithm reduces the number of checked combinations of sequences on an average of more than 10 6 times. In some cases, the algorithm provides even an up to 10 19 -fold reduction in the number of combinations and allows working with sets that require the testing of more than 10 21 combinations. Selection of the chaotic spreading sequences from larger pools of available sequences would allow finding even better spreading sequences in terms of PCC level and MAI within the DS-CDMA communication system. However, it is a computationally demanding task and requires the implementation of highly efficient algorithms.
